InTroducTIon
The budding yeast Saccharomyces cerevisiae is a very useful experimental object due to its simplicity, easy culturing and genetic manipulation, and a short cellular life span of tens of hours. A single yeast cell can undergo a limited number of divisions (referred to as the replicative life span) which suggests an analogy with the Hayflick limit. This eukaryotic microorganism has become a unicellular model organism in studies of aging Sinclair et al., 1998; Gershon & Gershon, 2000; Sinclair, 2002; Bitterman et al., 2003) . Among the features which accompany approaching the division limit (i.e. replicative aging) in S. cerevisiae, the increase in cell volume is apparently the most obvious . However, the exact relationship between the replicative age, the potential for further divisions and the cell volume has evaded systematical analysis . Pioneers of yeast aging research considered the cell volume as a factor which can limit the replicative life span by decreasing the surface-to-volume ratio (Mortimer & Johnston, 1959) but this idea has not been followed up. Later on, Kennedy et al. (1994) addressed the question whether the increase in cell volume evoked by pheromone α treatment affects yeast replicative life span, finding no meaningful effect of a 4-h treatment (Kennedy et al., 1994) . We have come to an opposite conclusion when reinvestigating this question and using longer incubation times with the pheromone (Zadrag et al., 2005) . This study was aimed at an analysis of the dependence between the replicative age of the yeast and its cell volume.
R. Zadrag and others Dextrose medium (1% Difco Yeast Extract, 1% Yeast Bacto-Peptone, 2% glucose) on a rotary shaker at 150 r.p.m. or on a solid YPD medium containing 2% agar, at a temperature of 30°C.
Pheromone treatment. Virgin cells (buds) were isolated by centrifugation in a sucrose (10-30%) density gradient. The bud suspension in YPD medium (10 6 cells/ml) was spun down, re-suspended in fresh medium and treated with pheromone α (BioVectra, DCL, Canada) at a final concentration of 5 µM. The cell suspensions were incubated on a shaker (150 r.p.m., 30°C) for various time intervals. In order to counteract the effect of pheromone degradation, a fresh portion of the pheromone (up to extra 5 µM) was added after 8-9 h. After appropriate time intervals the cells were centrifuged and transferred onto fresh solid YPD medium.
determination of replicative life span. The life span of individual yeast cells was determined by a routine procedure (Kim et al., 1999; Wawryn et al., 1999) on cells placed on agar plates using a micromanipulator. The number of buds formed by each cell is referred to as its replicative life span. Results of two independent experiments, each on at least 40 cells, were taken for each experimental point.
Estimation of cell volume. Cell volume was evaluated by analysis of microscopic images of the cells assuming that it is the sum of volumes of circular slices into which the cell can be divided (Wojnar et al., 2002) . Such an attitude was adopted due to the shape irregularity of the shmoo (elongated cell formed in response to the pheromone).
Estimation of protein content of yeast cells. Protein content of yeast cells was estimated fluorimetrically with Nano Orange (Molecular Probes) in a Hitachi F-2500 spectrofluorimeter. Briefly, yeast suspension was centrifuged and the sediment was suspended in sterile distilled water to obtain a density of 10 8 -10 9 cells/ml, mixed with an equal volume of ice-cold 10% trichloroacetic acid, vortexed intensively for 1 min and placed on ice for 5 min and centrifuged. The precipitate was washed several times with water and suspended in distilled water.
Aliquots of 10 µl of the suspension were added to 2.5 ml of Nano Orange solution, incubated at 95 o C for 10 min and cooled at room temperature for 20 min. Fluorescence was then measured at excitation and emission wavelengths of 470 nm and 570 nm, respectively. Protein content was read from a standard curve obtained for bovine serum albumin.
rESuLTS And dIScuSSIon
We found a roughly constant rate of increase of the cell volume of dividing mother cells of S. cerevisiae, up to 40 buddings for the D1CSP4-8C strain and 15 buddings for the DSCD1-1C strain (Fig. 1a) . During this time, the volume of the mother cells of D1CSP4-8C strain increased more than 10-fold (Zadrag et al., 2005) . When the cells were prevented from dividing by pheromone α treatment (in the shmoo state), their volume increased approximately exponentially for up to 12 h (D1CSP4-8C) and 10 h (DSCD1-1C), respectively (Fig. 1b) . In both cases the rate of volume growth was higher for the short-lived DSCD1-1C strain, devoid of Cu,Zn-superoxide dismutase (Cu,Zn-SOD) than for its wild-type counterpart. When plotted versus time, the final volume of the shmoo cells exceeded the initial one 12-fold and 17-fold for the D1CSP4-8C and DSCD1-1C strains, respectively.
We compared the rate of cell growth in the shmoo state of the two strains studied with their growth without inhibition of cell divisions. Since there was a good correlation between the cell volume and protein content (not shown), we estimated the protein content of cells arrested in the shmoo state and calculated how much protein they would produce if they continued budding during this time.
The results of such comparisons (Table 1) demonstrate that the growth rate of the wild-type D1CSP4- 8C strain under conditions of division arrest remains controlled and is comparable to that of dividing cells, while cells of the DSCD1-1C strain seem to loose the control of the rate of protein synthesis in the shmoo state. This may be due to the fact that the Cu,Zn-SOD protein (SOD1) is an inhibitor of PK60S kinase controlling the translational activity of the ribosomes (Zielinski et al., 2002; Abramczyk et al., 2003) , a function independent of the antioxidant action of this enzyme. The deficiency of this protein in the ∆sod1 mutant leads to the functioning of the translational system of the cell at a higher rate, and in consequence to an excessive increase in protein synthesis and cell size.
Comparison of the data for the two strains studied showed that the DSCD1-1C strain which grew in volume at a two times faster rate than the D1CSP4-8C strain had a two times shorter replicative life span. This prompted us to examine the relationship between the cell volume and the replicative life span of the yeast cells. Plotting the replicative life span of pheromone-treated cells (after removing the pheromone and allowing for resuming cell divisions) (Zadrag et al., 2005) as a function of cell volume attained during the treatment showed an inverse linear relationship (Fig. 2) . This result suggests that attaining a sufficiently high volume may be a factor contributing to the limitation of cellular divisions.
However, a pheromone α-treated yeast cell has an irregular, toroid shape, of a higher surface to volume ratio than a typical cell, which may affect the course of processes dependent on the transport of molecules. In order to be able to compare the replicative life span of cells of different size but of the same shape, another attitude had to be used.
We took advantage of the fact that buds of large shmoo cells, especially of the ∆sod1 mutant, have a much larger size than normal cells but are of a typical regular shape. These cells have an additional advantage that they do not experience the possible mating-specific metabolic effects of the pheromone. Measurements of the volume and the replicative life span of the first buds of shmoo cells formed after removal of pheromone demonstrate that the decrease in the volume of successive generations of the first buds is accompanied by their increasing replicative life span (Fig. 3a and b ). These data demonstrate that only the size and not the shape of the cell has a dominant effect on the number of buds, and that the net protein production by yeast cells under division arrest and calculated protein production by the cells had  they continued budding, for cells of the d1cSP4-8c and dScd1-1c linear dependence of the replicative life span on the volume is not due to the action of the pheromone. The limited replicative life span of S. cerevisiae has been attributed to the accumulation of a "senescence factor" in the aging mother cell . The nature of the senescence factor remains elusive but most authors identify it with extrachromosomal rDNA circles (Guarente, 2000; Bitterman et al., 2003) . It has been demonstrated by mathematical modeling, however, that merely formation of rDNA circles is not sufficient to account for the shape of the survival curves of yeast cells (Gillespie et al., 2004) . Perhaps the effect of attaining a critically high cell volume could be another factor contributing to this phenomenon.
A similar inverse relationship between the cell size and number of cell divisions has been noted previously for human fibroblasts in culture (Angello et al., 1987; and, more recently, for normal and neoplastic cells under conditions of prolonged unbalanced growth induced by suppression of cell divisions (Sumikawa et al., 2005) . Its mechanism may involve an increasing inability to control critical processes of a giant cell by the nucleus which does not increase in size, e.g. to attain the threshold concentration of factor(s) required for the initiation of DNA synthesis (Angello et al., 1989) . It seems that this idea of the effect of increasing cell volume on the limitation of replicative capacity should be considered also for the yeast S. cerevisiae which, due to the asymmetrical way of cell division, is bound to experience a cell/nucleus size imbalance with successive buddings. The higher rate of the loss of the replicative potential of cells in the shmoo state as compared with the replicating cells found by us (Zadrag et al., 2005) is in line with this interpretation. Although the Hayflick limit of mammalian cells is attributed to the lack of telomerase activity and, in consequence, telomere shortening, the effect of the excessive increase in volume on the cellular capacity for division cannot be neglected. Apparently, two parallel mechanisms limiting the division potential of cells can exist both in mammalian cells and in the yeast, one of them being attaining a critical cell volume. Dependence of mean (empty symbols) and maximal life span (full symbols) on the initial volume of progeny of pheromonetreated cells. Successive generations (1st, i.e. daughters, diamonds, 2nd, i.e. granddaughters, squares, and 3rd, i.e. grand granddaughters, triangles) of shmoo cells treated for 18 h with the pheromone were used in order to obtain virgin cells of various initial volume. Stars, data for a normal typical bud (derived from a cell not treated with the pheromone) of the DSCD1-1C strain.
